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Chemical Methods for the Measurement of Nonregulated Diesel Emissions

1. Scope—This SAE Recommended Practice encompasses analytical procedures for measuring nonregulated
diesel exhaust emissions. Methods are recommended for the measurement of aldehydes and carbonyl
compounds, sulfates, and the characterization of diesel exhaust particulates. Informational methods are
presented for the measurement of polycyclic aromatic hydrocarbons (PAH) in diesel exhaust particulate
samples.

The procedures are based on current proven chemical and engineering practices. However, it should be noted
that the procedures are subject to change to keep pace with established experience and technology.

1.1 Purpose—The procedures are intended for use in the collection, analysis, and characterization of emissions
from diesel engines. They are to be used as a guide in standardizing practices so that the results from various
sources can be compared with some degree of accuracy.

The specific purpose of each chemical method is presented at the beginning of each method section.
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3. Definitions
3.1 Carbonyl Compounds—Chemical compounds containing the C=0 functional group. The compounds can be

either aldehydes or ketones. In this procedure, the term refers to compounds containing one of eight carbon
atoms, specifically the compounds shown in Table 1.

TABLE 1—PHYSICAL PROPERTIES OF CARBONYL COMPOUNDS

DNPH DNPH
DNPH Derivative DNPH Derivative
Aldehyde or Chemical Molecular Melting  Derivative Melting Derivative Rel Ret
Ketone IUC Name Formula Weight Pt.,°C Mol. Wt. Pt.,°C Density Time
Formaldehyde Methanal CH0 30.03 -92 210.15 167 0.815 0.453
Acetaldehyde Ethanal CH3CHO 44.05 -121 224.18 167 0.783 0.574
Acetone 2-Propanone CH3COCH3 58.08 -95 238.21 128 0.792 0.714
Propionaldehyde Propanal CH3CH,CHO 58.08 -81 238.21 156 0.807 0.795
Acrolein Propanal CH2:CHCHO 56.07 -87.7 236.20 165 0.841 0.699
n-Butyraldehyde Butanal CH3(CH3),CHO 72.10 -99 252.23 122 0.817 —
Isobutyraldehyde 2-Methylpropanal CH3CH(CH3)CHO 72.11 -65.9 252.23 182 0.794 0.911
Methylethylketone  2-Butanone CH3COCH,CH;4 72.11 -84 252.23 — 0.805 —
Crotanaldehyde trans-2-Butenal CH4CH:CHCHO 70.09 -74 250.21 190 0.858 0.870
n-Valeraldehyde Pentanal CHj3(CH)3CHO 86.13 -92 266.26 106 0.820 —
Iso-Valeraldehyde 3-Methylbutanal (CH3),CHCH,CHO 86.13 -51 266.26 — 0.805 —
Caproaldehyde Hexanal CH4(CH,),CHO 100.16 -56 279.28 104 0.833 1.23
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TABLE 1—PHYSICAL PROPERTIES OF CARBONYL COMPOUNDS (CONTINUED)

DNPH DNPH
DNPH Derivative DNPH Derivative
Aldehyde or Chemical Molecular Melting  Derivative Melting Derivative Rel Ret
Ketone IUC Name Formula Weight Pt., °C Mol. Wt. Pt.,°C Density Time
Enanthaldehyde Heptanal CH3(CH,)sCHO 114.18 -45 294.31 — 0.850 —
Benzaldehyde Benzenecarbonal CgHsCHO 106.13 -26 286.25 237 1.05 1.00
p-Tolualdehyde 4-Methylbenzene- CH3;CgH,CHO 120.14 — 300.27 194 1.02 —

Carbonal

3.2 Sulfates—Chemical compounds containing the sulfate anion (SO,).
3.3 PAH—Chemical compounds containing three or more fused aromatic rings.

3.4 Diesel Particulate—The material collected from diesel exhaust on a PTFE-coated glass fiber filter at 50 °C +
2/-5 °C. The systems used for the collection of particulate may vary from direct sampling of the exhaust to use
of full dilution tunnels (see Reference 1). Various fractions are contained in the total particulate mass (TPM) as
collected on the filter:

3.4.1 ToTAL PARTICULATE MAss (TPM)—Includes all the material collected on the filter as prescribed by the
sampling test procedure used.

3.4.2 SOLVENT EXTRACTABLE FRACTION (SEF)—This fraction contains the material that can be extracted from the
TPM by various solvents and contains both organic and inorganic solvent extracts.

3.4.3 SoLUBLE ORGANIC FRACTION (SOF)—The SEF of the TPM that is removed by soxhlet extraction with
dichloromethane (MeCl,). (See Note in 3.4.7.)

3.4.4 ToTAL ORGANIC EXTRACT FRACTION (TOE)—The fraction of the TPM that is removed by soxhlet extraction
using a binary mixture of 32/68 wt/wt of toluene:ethanol, b.p. 76.7 °C.

3.4.5 SULFATES (SO,4)—WATER SOLUBLE SULFATES—The major extractable inorganic fraction in the particulate
sample. The sulfates are removed by agitation of the particulate sample in a water solution and analyzed
directly by ion chromatography. The water solution contains 60/40 vol/vol of H,O/isopropyl alcohol, or newer
ion chromatograph procedures use only the ion chromatographic eluant for the solution.

3.4.6 ComBINED WATER (H,O)—Water that is chemically combined with sulfuric acid and any hydrophilic metallic
sulfates that may be present in the TPM.

It amounts to about 1.3 times the mass of the measured sulfate (see References 3, 4, 5) when the TPM is
equilibrated at 50% relative humidity at room temperature (20 °C).

3.4.7 REsIDUAL CARBON PARTICULATE (RCP)—This fraction is the calculated particulate mass remaining after the
removal of the total organic fraction, the sulfate fraction, and the combined water fraction Equation 1:

RCP = TPM - TOE - Sulfates — Water (Eq. 1)
The RCP fraction may contain small quantities of sulfur and trace quantities of metals.
NOTE—Methylene chloride should only be used with adequate ventilation (see Reference 2).
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4, Organization of Procedures—This document defines procedures developed cooperatively by the Chemical
Characterization Panel (CCP) of the Coordinating Research Council, Inc. (see Reference 6). The methods are
the result of cooperative testing and are considered to be based on sound engineering practices. Two of the
methods, the PAH and the NO,PAH methods, are still under evaluation and are presented for informational
purposes. The methods are discussed separately in this document as follows:

Section 5 — Carbonyl Compounds
5.1 — DNPH Solvent Extraction Method
5.2 — DNPH Cartridge Method

Section 6 — Diesel Particulate Characterization
6.2 — Total Particulate Mass (TPM)
6.3 — Solvent Extractable Fraction (SEF)
6.3.2 — Soluble Organic Fraction (SOF)
6.3.3 — Total Organic Extract Fraction (TOE)
6.3.4 — Sulfates (SOy)

6.3.5 — Water Fraction (H,0)
Section 7 — Nitrated Polycyclic Aromatic Hydrocarbons (NO,PAH)

Section 8 — Polycyclic Aromatic Hydrocarbons (PAH)
8.1.4 — PAH Method 1 (Quantitative for 12 compounds)
8.1.5 — PAH Method 2 (Qualitative screening of samples)

5. Carbonyl Compounds

5.1 DNPH Solvent Extraction Method—High performance liquid chromatographic (HPLC)
dinitrophenylhydrazine (DNPH) method.

5.1.1 Score—This procedure incorporates an improved 2,4-DNPH method in which C1 to C8 carbonyl
compounds are collected by bubbling diesel exhaust or diluted diesel exhaust through an acetonitrile (ACN)
solution of DNPH reagent and analyzed by HPLC using UV detection at 365 nm. Using an ACN solution for
sample extraction allows direct injection of the sample into the HPLC, eliminating many of the recovery steps
associated with previous DNPH methods, and reducing the man-hours required for sample preparation. The
method results in quantitative sample recoveries, improved accuracy and provides for a simple, rapid, and
low cost method for "aldehyde" analyses.

5.1.2 DEFINITION OF "ALDEHYDES" OR CARBONYL COMPOUNDS—These terms refer to compounds containing the
C=0 functional group. Specifically, this procedure refers to C1 to C8 compounds shown in Table 1. The
method may also be applicable to higher molecular weight compounds.

5.1.3 DESCRIPTION OF METHOD

5.1.3.1 Experimental

5.1.3.1.1 Reagents—Reagents used in this procedure should be HPLC grade, distilled in glass, or equivalent
grade solvents as indicated:

ACN—-Burdick and Jackson Labs, Inc., Fisher Scientific Co., J.T. Baker Chemical Co. or equivalent
quality

2,4-DNPH—AIdrich Chemical Co. or J.T. Baker, recrystallized twice from HPLC grade methanol (MeOH)
or ACN
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Distilled, deionized water (HPLC) grade

Hydrochloric acid solution (2N) prepared from best source HCI
Ethanol—best source

Perchloric acid—best source

Aldehyde standards—individual aldehyde compounds for the preparation of standards (reference
compounds) should be the best available grade

2,4-DNPH derivatives—preparation will be discussed in 5.1.3.1.3
5.1.3.1.2  Equipment— The equipment required for this method includes:
A HPLC with UV detection capability at 365 nm wavelength
5 mzorbax ODS 4.6 x 25.0 cm HPLC column
Midget impingers (light-duty diesel) or 100 mL glass impingers (heavy-duty diesels)
Flowmeter, pump, and meter—required for sample collection system Figure 1
LC syringes as required
Melting point apparatus
5.1.3.1.3  Pretest Preparations:

a. Aldehyde-DNPH Derivatives—The 2,4-DNPH derivates are prepared by the reaction of the individual
aldehydes with a saturated DNPH solution in 2N HCI. The derivatives are filtered, washed with 2N HCI
and H,O, air dried, and stored in sealed vials. The purity of the derivatives is checked by melting point
determinations Table 1. Purity can be improved by recrystallization from absolute ethanol or MeOH, if
required. Individual derivatives or a mixture of the standards should also be checked for purity.

b. Preparation of Solutions and Standards—A 6.25 m mole/mL of the 2,4-DNPH stock solution is
prepared by addition of 100 mL of ACN to 120 mg of purified DNPH crystals. Dilution of the stock
solution with ACN is used to prepare a 1.6 mmole/mL DNPH absorbing solution in the bubblers. Five
drops of 1N HCI0, catalyst is added per each 20 mL of absorbing solution. The acid is added just prior
to use.

Standard solutions of the aldehydes are prepared by injecting 5.0 ni of the aldehyde into a septum
sealed vial containing 5.0 mL of ACN. The concentrations of the stock solutions are calculated from
the density of the aldehydes. The formaldehyde concentration is determined from the concentration of
formalin solution by titration. Standard derivative solutions are prepared by injecting 2.0 to 20 ni. of the
aldehyde solution into a septum sealed vial containing the derivatizing reagent. Weighing the solid
DNPH hydrazones and dissolving them in ACN can also be used to prepare the standard derivatives.

The derivatives may be purchased commercially but the purity should be checked by measuring the
melting points, or by gas chromatography. If the results do not agree with the data in Table 1,
recrystallize as per 5.1.3.1.3a.
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5.1.3.2 Sample Collection

5.13.21

Sampling System—The sampling system used can vary depending on the source of the aldehydes.
One system, shown in Figure 1 (see References 7, 8), was designed to sample diluted exhaust from
various size dilution tunnels or heated PTFE bags containing diluted exhaust gases.
directly from undiluted exhaust streams a short (approximately 2 m x 0.635 cm OD) stainless steel line
should be added to allow some cooling of the exhaust prior to entering the PTFE coated heated line.

FILTERS
(AS REQUIRED)

S -

gy
b
ad %K
SOLENOID
ON-OFF
=1
15} -8t
l IMPINGERS
DRYING
TUBE
FLOWMETER
PUMP
DRY-GAS
J Q METER
ol2[4j[o]2]a TEMP READO
oloh2Jo GAS VOLUME

EMERGENCY POWER

FIGURE 1—SAMPLING CHART (SCHEMATIC DIAGRAM)

For sampling
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5.1.3.2.2 Sampling—A 1.6 mmole/mL DNPH solution is used for emission testing. This is obtained by diluting the
stock solution as indicated in 5.1.3.1.3 or the solution required can be prepared by dissolving about 31
mg of purified DNPH in 100 mL of ACN.

For each light-duty diesel (LDD) sample taken, the impingers are prepared by adding 10 mL of the DNPH
solution and two drops (approximately 100 L) of the 1N HCIO, to each impinger. Two samplers are
connected in series and placed in the ice bath. For sampling heavy-duty diesels (HDD), 20 mL of the
DNPH solution and four drops of the 1N HCIO, are added to each impinger or bubbler. Sample flow
through the bubblers is maintained at 1/2 L/min for LDD and 2 to 4 L/min for HDD sampling. Normally 10
to 30 L of exhaust (100 to 300 L at 9:1 dilution ratio) is adequate to obtain sufficient sample for a reliable
analysis. The amount sampled depends on the source. The lower the source concentration, the more
sample that is required for good quantitative results.

Samples should be analyzed immediately or refrigerated until used.
5.1.3.3 Sample Analysis

5.1.3.3.1  Analysis Procedure—Samples should be analyzed as soon as possible, preferably within a few hours, to
minimize the losses of certain species. The procedure for analysis is shown in Figure 2. Following an
acceptable HPLC blank, the calibration standards are run. An example of an HPLC trace for the
standards is shown in Figure 3. It should be emphasized that the appearance may vary depending on
the HPLC system utilized. However, the relative retention times of the peaks should closely agree with
those shown in Table 1. If not, retention times should be redetermined using a set of standards. The
time required from injection to the appearance of the internal standard, benzaldehyde, is considered to
be 1.0. The times for all other peaks to elute are normalized to it. If an automated system is utilized, the
samples can be sequenced, running a standard check at the end of the series or every four to six
samples depending on the number of samples to be analyzed.

5.1.3.3.2 Sample Stability—The stability of samples indicates that losses of individual aldehydes, with the exception
of acrolein, are only about 10% in 24 h. Experimental determined losses for formaldehyde, acrolein, and
the total aldehydes have been reported (see References 3, 4). The acrolein losses were shown to be
concentration dependent. Higher concentrations of acrolein (80 to 100 ng/sample) exhibited about 35%
loss in 24 h. Fortunately, this species is a minor constituent of the total aldehydes found in diesel exhaust.
Typically, sampling and analysis are completed within 24 h. Storage stability results beyond 24 h are
shown in Table 2. The data show losses in total aldehydes over an eight-week period were less than 5%.
This is primarily due to the degradation of acrolein and crotonaldehyde in the samples.

PREPARATION*

SAMPLING

I | l

Solvent -
Time (min) Flow Rate Gradient Conc
Start Stop (mL/min) Vol %)
0 8 0.7 67 ACN/33 Hy0
8 9 1.0 67 ACN/33 H0
9 15 1.0 Gradient to 85 ACN
15 20 1.0 Gradient to 100 ACN
20 30 1.0 100 ACN
30 35 2.0 Reverse Gradient
to 67 ACN/23 H20
*DNPH Solutions **HPLC - 4.6 mm x 25 cm column -~
Standards 5 u Zorbax 0DS; 600 PSI (inittal);

UV 365 nm; sensitivity 0.2 AUFS
FIGURE 2—CARBONYL ANALYSIS METHOD
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TABLE 2—STORAGE STABILITY (NG/ML)

1 1 1 2 2 2 3 3 3 4 4 4
Sample No. Orig. A B Orig. A B Orig. A B Orig. A B
Formaldehyde 23.0 22.0 22.7 23.6 22.0 22.3 14.1 13.5 13.8 14.1 13.3 13.5
Acetaldehyde 3.98 3.82 3.97 4.16 3.86 3.81 2.30 2.08 2.06 2.24 2.01 1.96
Acrolein 1.03 0.16 0.21 0.94 0.17 0.20 0.77 0.11 0.14 0.67 0.12 0.09
Acetone 0.85 0.83 0.89 0.90 0.89 0.87 0.56 0.56 0.57 0.54 0.53 0.52
Propionald. 0.86 0.82 0.85 0.91 0.83 0.84 0.47 0.43 0.47 0.47 0.44 0.46
Crotonald. 0.52 0.42 0.47 0.52 0.32 0.30 0.42 0.14 0.12 0.30 0.14 0.12
Isobutryald. 0.58 0.58 0.58 0.61 0.85 0.74 0.34 0.42 035 0.32 0.33 0.42
Benzald. 0.31 0.29 0.31 0.32 0.27 0.30 0.09 ND ND ND ND ND
Hexanal 0.19 0.14 0.10 0.15 0.12 0.10 0.07 ND ND ND ND ND
A = 6 weeks B = 2 months ND = Not Detected

5.1.3.4  Precision and Accuracy

5.1.3.4.1 The method precision and accuracy were determined in the cooperative round-robin conducted by the
CCP of the CRC-APRAC CAPI 1-64 Inhouse Group (see Reference 3). The concentration levels of
aldehydes in the study are considered to be a worst case situation involving low levels of aldehydes.
Reproducibility, that is, the agreement within a laboratory, was better than 20% relative standard
deviation (rsd). Repeatability, that is, the agreement between laboratories, was as high as 35% rsd. The
precision and accuracy improved as the concentration of aldehydes in the samples increased. The
concentration levels in the CRC study were of the order of 0.02 mmole/mL and should be considered
minimum levels required for an analysis to obtain 20% rsd reproducibility. With experience and analysis
of samples within 24 h after collection, a precision and accuracy of 10% rsd or better was demonstrated
by some participants.

5.1.3.4.2 Two participants developed an alternative cartridge aldehyde method that is described in 5.2. Improved
precision and accuracy were reported (see References 9, 10).

5.2 DNPH Cartridge Method—A sample collection modification of the HPLC DNPH method.

5.2.1 Scope—This procedure utilizes silica-gel cartridges coated with 2,4-DNPH for the collection of carbonyl
compounds. The coated cartridge is ideal for long-term sampling of carbonyls at low parts per million levels
in ambient air or for short-term sampling of carbonyls at low ppb to ppm levels in diluted diesel exhaust.

5.2.2 BACKGROUND—The use of solid sorbents for the sampling of aldehydes has been used with varying success
(see References 9 to 13). The methods described use a variety of absorbants. Tejada has utilized silica-gel
coated cartridges for sampling diesel exhaust and reported the method to the CCP (see Reference 14). The
method has been utilized by panel members. The method basically involves purification of DNPH,
preparation of DNPH-coated silica cartridges, sampling, recovery of sample, and HPLC analysis. In addition
to apparent improved stability of some of the aldehydes, the tentative identification of a compound suspected
as the decomposition product of acrolein was reported. The method as described is essentially the one
developed by Tejada at EPA-Research Triangle Park. Cooperative testing has been limited and the method
is described for informational purposes.
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